Interface-resolved simulations of small inertial particles in turbulent
  channel flow by Costa, Pedro et al.
This draft was prepared using the LaTeX style file belonging to the Journal of Fluid Mechanics 1
Interface-resolved simulations of small
inertial particles in turbulent channel flow
Pedro Costa1†, Luca Brandt1 and Francesco Picano2
1Linne´ FLOW Centre and SeRC (Swedish e-Science Research Centre), KTH Mechanics,
SE-100 44 Stockholm, Sweden
2Department of Industrial Engineering, University of Padova, Via Venezia 1, 35131 Padova,
Italy
(Received xx; revised xx; accepted xx)
We present a direct comparison between interface-resolved and one-way-coupled point-
particle direct numerical simulations (DNS) of gravity-free turbulent channel flow of small
inertial particles, with high particle-to-fluid density ratio and diameter of about 3 viscous
units. The most dilute flow considered, solid volume fraction O(10−5), shows the particle
feedback on the flow to be negligible, whereas differences with respect to the unladen
case, noteworthy a drag increase of 10%, are found for volume fraction O(10−4). This
is attributed to a dense layer of particles at the wall, caused by turbophoresis, flowing
with large particle-to-fluid apparent slip velocity. The most dilute case is therefore taken
as the benchmark for accessing the validity of a widely-used point-particle model, where
the particle dynamics results from inertial and non-linear drag forces. In the bulk of
the channel, the first and second-order moments of the particle velocity from the point-
particle DNS agree well with those from the interface-resolved DNS. Close to the wall,
however, most of the statistics show major qualitative differences. We show that this
difference is due to a mechanism for wall-detachment caused by short-range particle-wall
interactions that is not reproduced by the point-particle model.
1. Introduction
Turbulent flows laden with small inertial particles are found in many environmental
and industrial contexts. These flows are inherently chaotic and multi-scale, with the inter-
phase coupling categorized by relevance of the dispersed phase on the overall dynamics
(Elghobashi 1994). The so-called one-way coupling regime corresponds to low volume
and mass fractions of the solid phase, when particle-fluid interactions are negligible, and
particle-particle interactions unlikely. Increasing the solid mass fraction while keeping
the volume fraction at the same order of magnitude results in a regime where the overall
particle load becomes high enough to modulate the turbulent flow, while particle-particle
interactions remain negligible – two-way coupling. Finally, further increasing the volume
fraction results in a regime where particle-particle interactions are also important –
four-way coupling regime. From a modelling perspective, another important distinction
concerns the particle size. When the ratio between the particle size and the Kolmogorov
scale is smaller than one, the term point-particle is used, and particle-fluid coupling is
considered to take place at a single point. Conversely, when the size ratio is large, the
particles are termed finite-sized (Balachandar & Eaton 2010).
Particle-laden turbulence in the one-way coupling and point-particle limit has been
subject of numerous studies throughout the last decades (see e.g. Toschi & Bodenschatz
† Email address for correspondence: pedrosc@mech.kth.se
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2009; Balachandar & Eaton 2010, for recent reviews). In these cases, it is assumed that the
local properties of an undisturbed flow at the particle position drive the dispersed-phase
dynamics (Maxey & Riley 1983; Gatignol 1983). For relatively high particle-to-fluid den-
sity ratios, the particle dynamics is often simplified to a balance between particle inertial
and drag forces, where the latter is a function of the so-called particle-to-fluid slip velocity.
Under these conditions, particles display preferential clustering even in homogeneous and
isotropic flows (Toschi & Bodenschatz 2009). When the flow is inhomogeneous, particles
tend to migrate from regions of high to low turbulence intensity due to turbophoresis
(Reeks 1983). In turbulent wall-bounded flows in particular, the particle distribution is
driven by the interplay between small-scale clustering, turbophoresis, and the interaction
between the particles and near-wall turbulence structures (Soldati & Marchioli 2009;
Sardina et al. 2012). When the system reaches a statistical equilibrium, particles tend
to accumulate in the low-speed regions near the wall, resulting in a very inhomogeneous
local particle concentration; see e.g. Fessler et al. (1994); Uijttewaal & Oliemans (1996);
Kuerten (2006); Marchioli et al. (2003, 2008).
In flows with locally higher mass loading, two-way coupling effects may become
important. In addition to solving the particle dynamics, a two-way coupling point-particle
algorithm must impose a localized momentum source/sink corresponding to the particle
back-reaction to the flow. The classical approach is the particle-in-cell (PIC) method,
developed by Crowe et al. (1977). Although widely used, the success of this method
strongly depends on the number of particles per grid cell, i.e. it does not converge
with grid refinement. Approaches for a consistent and more robust treatment are the
object of active research, as shown by the number of recent studies, e.g. Gualtieri et al.
(2015); Horwitz & Mani (2016); Ireland & Desjardins (2017). Investigations of particle-
laden turbulent flows in the two-way coupling regime are found in Vreman et al. (2009);
Capecelatro et al. (2018).
Despite the numerous studies involving DNS with point-particle methods, validations
of the underlying assumptions remain scarce, even for simple flows. For instance, the
parameter range where the Maxey-Riley-Gatignol equations are valid remains elusive
(Bergougnoux et al. 2014). Though experiments in particle-laden turbulence are insightful
(Eaton & Fessler 1994; Kaftori et al. 1995), parameter-matched numerical simulations
remain challenging, because of the numerical limitations in terms of Reynolds number
and the need for experiments in well-controlled, often idealised, configurations. Another
possible reference for new models is a particle-resolved DNS, i.e. a DNS that resolves the
flow around the surface of each small particle. Despite the great computational challenge
of such computations, the first direct comparisons between point-particle models and
particle-resolved simulations have started to appear for decaying homogeneous isotropic
turbulence (HIT) (Schneiders et al. 2017; Mehrabadi et al. 2018).
We consider particle-laden turbulent channel flow, a widely-studied case with minimal
governing parameters and particularly important to benchmark models for wall-bounded
particle transport. Though interface-resolved DNS of these flows are in general quite
demanding, recent studies have demonstrated that massively-parallel simulations of wall-
bounded flows with O(106) interface-resolved particles and O(109−1010) grid points have
become feasible (see Costa et al. 2016; Kidanemariam & Uhlmann 2017).
We present interface-resolved DNS of gravity-free turbulent channel flow laden with
small inertial particles (with a size of 3 viscous units, and 100 times denser than the fluid),
in the dilute regime. Two cases are considered, with bulk volume solid fractions that
approach the one-way coupling regime: 0.003% and 0.03%. These cases are complemented
with the corresponding one-way coupling point-particle DNS at the same Reynolds
number. All cases show the expected turbophoretic particle drift towards the wall, but
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Case Φ (Np) Ψ Notes Reτ
VD 0.003% (500) 0.337% interface-resovled (VD) 179
D 0.034% (5 000) 3.367% interface-resolved (D) 190
PP – – point-particle (1-way coupling) 179
Table 1. Computational parameters of the DNS dataset. Φ/Ψ denotes the bulk solid
volume/mass fraction, and Np the total number of particles. For all cases, the bulk Reynolds
number Reb = 5 600 (i.e. unladen friction Reynolds number Re
sph
τ ≈ 180); particle size
ratio D/(2h) = 1/120; particle-to-fluid mass density ratio Πρ = 100, corresponding to
a particle diameter (in viscous units) D+ = 3 and a Stokes number St = 50. For the
interface-resolved cases, the fluid domain is discretized on a regular Cartesian grid with
(Lx/Nx) × (Ly/Ny) × (Lz/Nz) = (6h/4320) × (2h/1440) × (3h/2160), while the particles are
resolved with D/∆x = 12 grid points over the particle diameter (420 Lagrangian grid points
in total). For case PP, the grid is 8 times coarser in each direction. Note that the last column
reports the friction Reynolds number Reτ extracted from the simulations.
the concentration profiles differ: resolved particles show a factor 2− 3 smaller near-wall
concentration. Because of the inhomogeneous particle distribution, non-negligible two-
way coupling effects are found for the case with the largest volume fraction, but not in the
most dilute case. The latter case is therefore used as reference for the one-way coupling
regime, to show that the widely-used one-way coupling point-particle approach cannot
accurately predict the near-wall particle dynamics, as it does not model short-range
particle-wall interactions responsible for a much faster particle-wall detachment.
2. Methods and Computational Setup
The Navier-Stokes equations governing the fluid phase are solved with a second-order
finite-difference method on a three-dimensional, staggered Cartesian grid, using a FFT-
based pressure-projection method (Kim & Moin 1985). The solver was extended with a
direct forcing immersed-boundary method (IBM) for particle-laden flows developed by
Breugem (2012) and the lubrication/soft-sphere collision model for short-range particle-
particle and particle-wall interactions in Costa et al. (2015). Several recent studies de-
scribe the method, present validations, and access its computational performance (Picano
et al. 2015; Costa 2018; de Motta et al. 2019).
The particles are considered rigid, spherical and frictionless, with a normal dry co-
efficient of restitution en,d = 0.97. The domain is periodic in the streamwise (x) and
spanwise (z) directions, with no-slip/no-penetration boundary conditions imposed at the
walls (y = h ∓ h), where h is the channel half height. The flow is driven by a uniform
pressure gradient that ensures a constant bulk velocity. The physical and computational
parameters are reported in table 1. Since the IBM requires a fixed, regular Eulerian grid,
resolving the particles with O(10) grid points over the diameter is, by far, what dictates
the grid resolution. Hence, the spatial resolution for the interface-resolved simulations
is, in each direction, about one order of magnitude larger than what is required for
single-phase simulation, leading to ∼ 1010 grid points.
To mimic a flow close to the one-way coupling regime, we consider two low values
of solid volume fraction, Φ ' 3 · 10−5, denoted very dilute (VD), and Φ ' 3 · 10−4,
dilute (D). The bulk Reynolds number Reb ≡ Ub(2h)/ν = 5 600, which corresponds
to an unladen friction Reynolds number Resphτ ≡ uτh/ν ≈ 180; Ub is the flow bulk
velocity, uτ the wall friction velocity, and ν the fluid kinematic viscosity. The particle
properties are chosen close to those used in point-particle simulations at the same Reτ ,
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(b)(a)
Figure 1. (a) Visualization of case D. Isocontours of the Q-criterion Q = 20(Ub/h)
2 colored by
the local wall-normal velocity v. The interface-resolved particles are depicted in orange color.
(b) Contours of streamwise velocity (flow from bottom to top) in the plane y/h = 0.014, i.e.
y+ ≈ 10. Particles with wall distance yp/h < 0.015 are depicted in white color.
which result in strong turbophoresis and large-scale clustering (Sardina et al. 2012).
This choice corresponds to a particle Reynolds number Rep ≡ Duτ/ν = D+ = 3, and
Stokes number Stp ≡ ΠρRe2p/18 = 50, where D is the particle diameter and Πρ the
particle-to-fluid mass density ratio.
The interface-resolved simulations are complemented with a one-way point-particle
simulation (PP). Given the large density ratio, we assume that the particle dynamics
simplifies to a balance between inertial and non-linear (Schiller-Naumann) drag forces.
For this reference case, the fluid velocity at the particle position is obtained with trilinear
interpolation, and the particle positions integrated in time with the same third-order
low-storage Runge-Kutta scheme used for the fluid phase. For particle-wall collisions, a
perfectly-elastic hard-sphere rebound is adopted. Test simulations showed that the results
are not sensitive to Faxe´n corrections in the particle dynamics.
3. Results
Figure 1(a) shows a visualization of the particle-laden flow for case D. Similarly to
case VD (not shown), the near-wall large-scale structures resemble those of the unladen
flow. Nonetheless, the localized effect of the particles is evident, as depicted by the high-
vorticity trail due to their wakes. The overall drag is a measure of the cumulative effect
of the localized disturbances: this is reported in the last column of table 1 in terms of
a friction Reynolds number Reτ ≡ uτh/ν. While the very dilute (VD) case shows, as
expected, the same drag as the unladen flow, the dilute case (D) shows about 5% higher
friction Reynolds number (i.e. about 10% increase in pressure drop). This is a remarkable
increase, since a volume fraction of the order of 10−4, and mass fraction of order 10−2
are often assumed to be in the 1-way coupling regime. Note that a similar drag increase
is observed for finite-sized neutrally-buoyant particle suspensions with volume fraction
of 5% (Picano et al. 2015). The modulation of the near-wall structures for case D is
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Figure 2. (a) Local solid mass fraction as a function of the outer-scaled wall-normal distance.
The inset shows the corresponding bulk-normalized profile, versus the wall-distance in particle
diameters. (b) Inner-scaled mean velocity profiles for the different cases (lines – fluid velocity;
symbols – particle velocity). The inset shows the outer-scaled difference between fluid and
particle velocity profiles ∆ 〈u〉.
noticeable in panel (b) of figure 1, where we display the streamwise velocity contours
close to the wall. In addition to showing a microscopic footprint, the resolved particles
disrupt streamwise-correlated near-wall structures. We will see that these observations
are closely connected to the inhomogeneous particle distribution near the wall.
Figure 2(a) depicts the wall-normal profiles of the local solid mass fraction as a function
of the wall-normal distance. The inset shows the same quantity divided by the bulk values
versus the wall-normal distance in particle diameters. The profiles show a near-wall peak
at y ≈ D/2, about one order of magnitude larger than the bulk value, which explains
the drag increase observed in case D. Despite the low bulk mass loading, the near-wall
mass fraction becomes high enough to modulate the flow in this critical region (Ψ ' 0.2).
We should note that the corresponding local volume fraction is still too low (Φ ' 0.002)
for particle-particle interactions to be significant: the collision frequency in the viscous
sublayer is virtually zero. The interface-resolved simulations show pronounced differences
when compared to the point-particle results (PP), with the latter over-predicting the
concentration peak by a factor of 2 − 3. Moreover, the concentration profile of case
PP shows a more gentle decrease away from the wall, while in the other cases the
concentration peak corresponds to a single particle layer. At least for the very dilute
case VD, these differences cannot be explained in terms of turbulence modulation nor
particle-particle interactions (i.e. two-/four-way coupling effects). Hence, a different near-
wall dynamics of (isolated) particles must be the cause.
Figure 2(b) shows the inner-scaled profiles of mean streamwise fluid and particle
velocity for the different cases. While the fluid velocity profile of case VD matches that
of the unladen flow, case D shows significant deviations. Since the outer-scaled profiles
of all cases collapse in the outer region (not shown), these deviations are attributed to
the increase in wall shear. We thus confirm that, somewhat unexpectedly, only case VD
satisfies the 1-way coupling assumption, i.e. the dispersed phase does not modulate the
turbulent flow. This case serves therefore as benchmark to assess the validity of the point-
particle model to predict the dispersed-phase dynamics in the 1-way coupling regime.
As for the particles, they tend to flow slower than the fluid in the buffer layer (10 .
y/δν . 40 − 50, with δν ≡ ν/uτ ; see also the figure inset, showing the outer-scaled
difference between the profiles of each phase). This velocity difference is more pronounced
in case PP, where the particle velocity reduction is clear also very close to the wall. This
has been observed in previous studies using point-particle DNS (Sardina et al. 2012), and
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Figure 3. Outer-scaled second-order moments of particle velocity. (a) streamwise velocity r.m.s.
. (b) wall-normal velocity r.m.s. . (c) ditto for spanwise velocity. (d) Reynolds stresses profile
with inner-scaled inset. Lines – fluid; symbols – particles.
is attributed to the preferential sampling of the fluid low-speed streaks near the wall.
The particle-resolved cases show a much weaker reduction of the mean particle velocity,
which suggests that particles reside in the low-speed regions for shorter periods before
re-suspending into the bulk, see also the discussion below about the particle dynamics.
In the viscous sublayer, particles show a slightly higher mean velocity in the interface-
resolved simulations. This higher slip velocity causes hot-spots of higher wall shear stress,
which favor an increase in overall drag (Costa et al. 2016, 2018). Clearly this effect is
significant in case D, where the near-wall number density is high enough, but not in case
VD.
Figure 3 shows the second-order statistics of fluid and particle velocity. Focusing first
on the fluid phase, we see once more that the data for VD tends to those of the single
phase flow, whereas turbulence modulation is evident for case D. Here the Reynolds
stresses are higher, consistently with the overall drag increase (see inset). Moreover,
small differences are found for all the velocity r.m.s. of case D near the wall, where the
velocity fluctuations become less anisotropic, i.e. ur decreases and vr and wr increase.
This is attributed to the enhanced mixing due to the near-wall particles, whose local
mass fraction is high enough for 2-way coupling effects to be significant.
Remarkably, the second-order moments of the particle velocity for the fully-resolved
one-way coupling case, VD, strongly differ from those of the point-particle simulations
near the wall, while in the bulk the two cases display a similar behavior. In the bulk,
where the local shear is relatively low, the point-particle model succeeds in predicting
the particle dynamics. We should note that the same closure for the point-particle
dynamics was used in Mehrabadi et al. (2018) for decaying HIT, and the results also
compared well to the corresponding interface-resolved case. Closer to the wall (y/h . 0.1),
however, the interface-resolved simulations show higher fluctuation levels than the point-
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Figure 4. Inner-scaled average time a wall-skimming particle takes to reach a wall-normal
distance y > 5δν (i.e. to exit the viscous sublayer), ∆t
up. The dashed yellow line correspond to
the time a wall-skimming particle takes, in a model laminar Couette flow at equivalent Reynolds
number, to reach the same inner-scaled wall-normal distance.
particle reference. The exception is the spanwise velocity r.m.s. wr, which attains similar
values also close to the wall for case VD and PP. This suggests different single-particle
dynamics, as particles approach and depart from the wall. We should note that similar
results for the streamwise and wall-normal particle velocity r.m.s. have been observed
in recent experiments of particle-laden turbulent downward flow in a vertical channel;
see Fong et al. (2019). In the one-way point-particle DNS, the particle dynamics is
modeled by a simple drag law, without considering short-range hydrodynamic particle-
wall interactions. In this case, particles are driven towards the wall with high velocity
by turbophoresis. Their inertia prevents resuspension, resulting in long periods of wall
accumulation in low-speed regions, while only few of them drift back into the bulk (Soldati
& Marchioli 2009; Sardina et al. 2012). Since at equilibrium the net wall-normal particle
flux is zero, a large number of particles accumulate at the wall. Conversely, when the
flow around particles is resolved, the short-range particle-wall hydrodynamic interactions
alter the dynamics: particles tend to reside for much shorter times near the wall before
re-suspending. Hence, point-particles tend to skim along the wall in low-speed streaks for
long periods (Soldati & Marchioli 2009; Sardina et al. 2012) whereas resolved particles
show shorter residence times at the wall, quickly take off, and are not preferentially
localized in low-speed streaks, see figure 1(b). This faster cycle explains the larger value of
vr near the wall, and consequently the larger value of ur and 〈u′v′〉 since the fluctuations
are correlated through the mean shear. To better quantify this, figure 4 shows the average
time that a particle close to the wall (i.e. located at y ≈ Dp/2) needs to exit the viscous
sublayer (i.e. to reach a wall-normal position y > 5δν), ∆t
up. The figure shows that near-
wall particles in the fully-resolved cases take about the same time to exit the viscous
sublayer, which is about one order of magnitude shorter than that of the point-particle
DNS PP.
This particle dynamics suggest a missing key ingredient, absent in the point-particle
model: a particle-wall hydrodynamic interaction combined with a shear-induced inertial
lift force. Such a force plays a very important role in the particle dynamics near the wall,
where the mean shear is high (Soldati & Marchioli 2009). It is known that a particle
flowing near a wall in a shear flow experiences a strong lift force due to short-range
particle-wall interactions (Cherukat & McLaughlin 1994). A similar mechanism should
work for small particles in the viscous sublayer of a turbulent flow.
To better understand the mechanism for particle detachment, we performed an aux-
iliary DNS of laminar Couette flow at the same particle Reynolds number. The compu-
tational domain has size Lx × Ly × Lz = 20D × 10D × 10D with a regular grid where
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D/∆x = 16. The boundary conditions are the same as for the turbulent channel flow,
except that the flow is now driven by a non-zero streamwise velocity Uw at y = Ly.
The Reynolds number based on the local shear rate γ˙ ≡ Uw/Ly and particle size is
set to match that of the particle in the viscous sublayer, i.e. γ˙D2/ν = (uτ/δv)D
2/ν.
A single particle with the same physical properties is placed at the bottom wall, with
initial linear and angular velocity conforming to the local flow velocity and vorticity. The
flight time ∆tup for the particle to detach from the wall and travel 5 viscous units in
y is reported by the dashed line of figure 4. The measured time is remarkably close to
the average value measured in the interface-resolved DNS for the two turbulent cases
under consideration. This strongly suggests that the mechanism for particle detachment
from the wall is, to first approximation, purely shear-driven. It should be noted that
in the current one-way point-particle model a particle placed at the wall in a laminar
Couette flow would never detach from it. We conclude that this difference creates the
strong discrepancies between the interface-resolved simulation in the very dilute regime
and the results from the point-particle method, both in terms of wall accumulation and
near-wall particle velocity statistics.
We have seen that the dynamics of resolved and point-particles are similar in the bulk,
and thus the drift towards the wall is well described by point-particle methods. When
moving along the wall, particle-wall interactions induce strong lift forces that quickly
dislodge resolved particles. This mechanism is absent in current point-particle models,
which instead display slow resuspension and particles spending long time in the near-wall
low-speed streaks. This enhances the prediction of turbophoretic wall accumulation in
point-particle simulations.
4. Conclusions
We have presented a direct comparison between point-particle and particle-resolved
DNS of turbulent channel flow laden small inertial particles. Two particle-resolved cases
have been considered, with volume fractions of 3 · 10−4 and 3 · 10−5, with only the latter
case falling into the one-way coupling assumption, i.e. the particles do not influence the
statistics of the turbulence. The less dilute case, instead, shows about 10% drag increase
compared to the unladen case. This striking increase is attributed to a significant particle
mass fraction near the wall caused by turbophoresis. These particles flow with high
particle-to-fluid (apparent) slip velocity, producing hot spots of large wall shear.
We then examine the differences between the most dilute case, which satisfies the
one-way coupling assumption, and a classic one-way point-particle simulation where the
particle acceleration is balanced by the non-linear (Schiller-Naumann) drag. While in
the bulk of the channel concentration profiles and moments of the particle velocity agree
well, most of these quantities show clear differences close to the wall. This disagreement is
attributed to a missing key ingredient in the point-particle simulation: a lift force due to
the combination of short-range particle-wall interactions and local shear rate. To test this
hypothesis, the average particle residence time in the viscous sublayer has been measured
and compared to that of a single resolved sphere in a laminar Couette flow with matched
(particle shear) Reynolds number. The average flight time of the resolved particles in
turbulent channel is extremely close to that of the laminar simulation, strongly supporting
our interpretation. Conversely, point-particles reside in the viscous sublayer for a time
about one order of magnitude longer. Properly accounting for these near-wall dynamics
is therefore fundamental to accurately predict the particle statistics without resolving
the particles.
All differences between resolved and point-particle statistics can be related to this wall-
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particle interaction. First, the high-concentration at the wall in the interface-resolved
simulations is limited to a single particle layer, since particles tend to promptly depart
from the wall. Second, particles are resuspended before they can accumulate for long
time in low-speed streaks, which lowers the apparent slip velocity in the near-wall
region. Finally, because of this wall-lift force, particles show higher near-wall velocity
fluctuations.
We have shown that predicting the near-wall dynamics in a canonical channel flow
with a standard point-particle model is not a trivial task. We hope that the present
results can be exploited for the development of improved point-particle models for one-
and two-way coupling in wall-bounded turbulent flows.
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